We evaluated 33 compounds, comprising five different structural groups (alkynylpyrenes, alkynylphenanthrenes, methylenedioxyarenes, flavones, and miscellaneous), as inhibitors of house fly P450 6D1 (CYP6D1). In general, alkynylpyrenes were the most potent group of inhibitors, with maximum effectiveness noted when the substituent was in the 4 position. Substituted phenanthrenes were reasonable CYP6D1 inhibitors with the lowest IC 50 observed for the analogue with the methylenedioxy substituent between the 9 and 10 positions. The 10 methylenedioxyarenes varied considerably in their ability to inhibit CYP6D1. Piperonyl butoxide was the most potent inhibitor with increasing length of the alkyl substituent resulting in decreasing inhibition. Karanjin had the lowest IC 50 of the 4 flavones that were tested. Overall, the most potent CYP6D1 inhibitors were large planar compounds. Four inhibitors were evaluated as permethrin synergists in the LPR strain of house fly (permethrin is detoxified via CYP6D1 in this strain) and they increased permethrin toxicity by 16-to 83-fold. The effect of structure on inhibition potency, as well as the mechanism of inhibition for seven representative inhibitors, is discussed. ᭧
INTRODUCTION
identified and the mechanisms of inhibition elucidated for certain classes of synergists (6-9), evaluation of the inhibitors of an individual The cytochrome P450 monooxygenases are insect P450s has received little attention. important in the metabolism of many endogeAlkynylarenes and methylenedioxyarenes are nous and exogenous compounds. The P450 well-documented inhibitors of P450s (7, 10). monooxygenases of insects have several funcThe alkynylarenes have been well studied as tional roles, including growth, development, inhibitors of mammalian P450s, although they resistance to pesticides, and tolerance to plant have not been examined as inhibitors of individtoxins (1) (2) (3) . Reasons for the large number of ual insect P450s. Methylenedioxyarenes are substrates that can be metabolized by this enzywell-known inhibitors of insect P450s, some of matic system are the multiple isoforms of P450s these compounds proving to be useful insectithat exist in each organism and the broad subcide synergists (7, 9). Although there has been strate specificity of some isoforms (4) . substantial work on the structure-activity of Isoform-specific inhibitors identified for methylenedioxyarenes as insecticide synergists mammalian P450s have been useful for in vivo (11, 12) , no such study has been undertaken with and in vitro studies and hold potential for theraa P450 isoform-specific assay. peutic modulation of human drug metabolism CYP6D1 is a P450 isoform that is responsible (5) . Identification of isoform-specific inhibitors for monooxygenase-mediated pyrethroid resisof P450s in insects could prove useful as in tance in the Learn-PyR (LPR) strain of house vivo and in vitro probes and could lead to the fly (13-15). CYP6D1 (P450 lpr ) has been purified identification of selective insecticide synergists. Although many insecticide synergists have been (16) and a monospecific antisera developed (17) . Using this antisera it was shown that methoxyre-4-(1-propynyl)biphenyl (4PBi), 9-ethynylphenanthrene (9EPh), 2-(1-propynl)phenanthrene sorufin O-demethylation (MROD) is a CYP6D1-specific assay in LPR microsomes (2PPh), 4-ethynylpyrene (4EP) (28) , and 1-adamantanol (1APE) (29) were described pre- (18) . CYP6D1 has been sequenced (19) and cloned (20) and potential substrates (21), viously. Sphondin was provided by Dr. M.
Berenbaum (Univ. of Illinois), karanjin and flainducers (22) , and a group of miscellaneous inhibitors (23) have been evaluated. In this study, vanone were from Indofine Chemical (Belle Mead, NJ), ␣-naphthoflavone (␣-NF) and fla-33 compounds comprising five different structural groups (alkynylpyrenes, alkynylphe-vone were from Sigma (St. Louis, MO), malathion was from Chem Service (West Chester, nanthrenes, methylenedioxyarenes, flavones, and miscellaneous) were evaluated as inhibitors PA), parathion was from American Cyanamid (Princeton, NJ), 9,10-methylenedioxypheof a CYP6D1-specific monooxygenase activity in house fly microsomes. Chemical Co., Milwaukee, WI) by the method Microsomes were prepared from abdomens described previously (28) . The crude product of 200 female LPR house flies as described pre-was purified by flash column chromatography viously (25) . This method involves homogeniz-on silica gel with petroleum ether as solvent. ing isolated abdomens in 0.1 M sodium GC/MS showed that the white, waxy solid phosphate buffer (pH 7.5) containing 10% glyc-obtained, mp 91-93ЊC, was 99% pure. 1 mol, Aldrich) dissolved in 100 ml of dry tetrachloroethylene was cooled to Ϫ20ЊC under N 2 Chemicals and 4 eq of AlCl 3 and 1.2 eq of acetyl chloride were added. The reaction mixture was stirred The syntheses of 1-ethynylpyrene (1EP), 2-ethynylpyrene (2EP), 2-ethynylnaphthalene for 3 h at Ϫ20ЊC under N 2 and allowed to warm slowly to room temperature, and the reaction (2EN), 2-ethynylanthracene (2EA), (27) , 2-ethynylphenanthrene (2EPh), 3-ethynylphe-quenched by the addition of 100 ml of ice-cold 20% HCl (v:v). The organic layer was separated nanthrene (3EPh), 1-(1-propynyl)pyrene (1PP), and the aqueous acid extracted twice with an for representative compounds using a CytoFluor 4000 following a 10-min incubation at 25ЊC. equal volume of methylene chloride. The organic extracts were combined, washed with Results for each compound are the average of at least three separate experiments using different dilute KOH solution and twice with water, and then dried over solid MgSO 4 . The organic sol-batches of microsomes. vent was then evaporated under a vacuum and Synergism the 4-acetyl-1,2,3,6,7,8-hexahydropyrene product aromatized to 4-acetylpyrene and then conPermethrin or putative synergist was delivverted to 4-propynylpyrene by procedures ered in 0.5 l acetone to the thoracic notum of previously described (28) . The yield of pale-female house flies (32) . Synergists were delivyellow crystalline 4PP, mp 103-106ЊC, after ered 1 h before the insecticide application at purification by flash chromatography on silica approximately their maximum sublethal dose gel with petroleum ether as solvent, was 35%. (10 g/fly for karanjin, PD, and 1EP; 2 g/fly GC/MS showed that the 4PP was Ͼ99% pure. covered with cheese cloth and held at 25ЊC. Each cup contained a piece of 4-cm dental wick Methoxyresorufin O-demethylation (MROD) soaked in 15% sugar water and the dental wicks assays, which are specific for CYP6D1 in LPR were kept wet during the experiment. Mortality microsomes (18) , were run using an Aminco was assessed 24 h after insecticide application. SPF-500 spectrofluorometer at 32ЊC as Insects were considered dead if they were on described previously (31) with the following their backs and unable to right themselves when modifications (23) . Solution (1 ml) containing disturbed. Bioassay data were pooled and anainhibitor (in 1 l of acetone), NADPH (0.1 mM), lyzed based on standard probit analysis (33) as 0.1 mg of microsomal protein, and buffer was adapted to personal computer use (34) , using incubated at room temperature for 60 s. Prelimi-Abbott's correction (35) for control mortality. nary studies indicated this was sufficient time for maximum inhibition of MROD activities (i.e., RESULTS AND DISCUSSION inhibition was not enhanced by increasing incubation times from 1 min up to 5 min). A solution Both ethynyl and propynyl substituted pyrenes were potent inhibitors of CYP6D1 (Fig.  (1 ml) containing buffer, NADPH (0.1 mM), and fluorimetric substrate (4 l of 1.0 mM methoxy-1). The potency of inhibition was dependent upon the position of the substituent, with the resorufin (Molecular Probes, Eugene, OR) in DMSO was then added to the cuvette and thor-greatest inhibition seen for the 4 position and the least for the 2 position. These compounds oughly mixed. Reactions were unaffected by 1 l of acetone (control) and were linear for at are among the most potent inhibitors of CYP6D1 identified to date, having IC 50 's comparable to least 5 min under these conditions. Samples without NADPH showed no activity. A series xanthotoxin and chlorpyrifos (23) . Given the inhibitory potency of the substituted pyrenes and of concentrations (5-8) was tested for each compound with a given batch of microsomes. Results the high turnover number for CYP6D1-mediated benzo[a]pyrene metabolism (14), it is clear for each compound are the average of at least three separate experiments using different that the active site of CYP6D1 will readily accommodate large planar aromatic compounds. batches of microsomes. The effect of preincubation with NADPH on inhibition was determined The weak inhibitory effect of ethynyl substituted adamantane compounds (see below) emphaMethylenedioxyphenyl compounds have been extensively evaluated as insecticide synergists sizes, however, that the active site readily accommodates only large ligands that are planar. in house flies and other species (11, 12, 36), although the potency of these compounds The substituted phenanthrenes varied in potency by nearly 100-fold (Fig. 2) . The most against individual insect P450s has received little attention. Piperonyl butoxide and myristicin effective inhibitor was PD, followed by 2PPh and 2EPh. There was no difference in I 50 values were the most potent of the methylenedioxyphenyl CYP6D1 inhibitors (Fig. 3) . The length of for the latter two compounds, suggesting that both ethynyl and propynyl substituents were the alkyl substitution caused considerable change in the inhibitory potency with C 3 H 7 Ͼ similar in activity. The 2-ethynyl substitution for phenanthrene gave the greatest inhibition of C 6 H 13 Ͼ H Ͼ C 8 H 17 Ͼ C 12 H 25 (Fig. 3) . These results are similar to the potency of these com-MROD activity, while substitution at the 3 or 9 positions was slightly less effective (Fig. 2) . pounds as insecticide synergists (12).
FIG. 2.
Substituted phenanthrenes as inhibitors of cytochrome CYP6D1.
FIG. 3. Substituted methylenedioxyphenyls as inhibitors of cytochrome CYP6D1.
Flavone was approximately 10-fold more have little effect on inhibitory potency (Fig. 4) . The most potent CYP6D1 inhibitor within this potent an inhibitor than flavanone, indicating that the double bond in the central ring structure series was karanjin with an I 50 of 6.0 ϫ 10 Ϫ8 M (Fig. 4) . of these analogues is important for inhibition (Fig. 4) . This observation also emphasizes the Two organophosphates, malathion and parathion, were tested (Fig. 5 ). Both were found to apparent preference of CYP6D1 to bind planar inhibitors. The similar I 50 values for ␤-NF and be substantially less potent CYP6D1 inhibitors than a previously tested organophosphate (chlor-␣-NF, in comparison to flavone, indicate that these substitutions at the 5,6 or 7,8 positions pyrifos I 50 ϭ 3.7 ϫ 10 Ϫ8 M, (23) it has been shown that the ability of organophos-found in at least eight plant families. They are highly toxic to a wide variety of organisms, phates to inhibit acetylcholinesterase (the target site responsible for their insecticidal activity) is including bacteria, plants, insects, fish, birds, and mammals, because they are capable of due, at least in part, to the electronegativity of the central phosphate atom. Whether the same reacting directly and irreversibly with pyrimidine bases in DNA after photoactivation (37, properties or other factors (such as hydrophobicity) make organophosphates better inhibitors 38). Two types of furanocoumarins, linear (e.g., xanthotoxin and bergapten) and angular (e.g., of CYP6D1 is an interesting question for further study.
angelicin and sphondin), occur in plants. In the case of CYP6D1, the linear furanocoumarins Similar I 50 values for 4-EBi and 4-PBi indicate that both ethynyl and propynyl substituents of xanthotoxin and 5-methoxypsoralen were 2-to 61-fold more potent inhibitors (23) compared to biphenyl have similar inhibitory potency toward CYP6D1 (Fig. 5) . The substituted biphenyls the angular furanocoumarin sphondin (Fig. 5) .
One practical application for identifying were slightly better inhibitors than ethynyl substituted anthracene or naphthalene (Fig. 5) . EAd CYP6D1 inhibitors is for the identification of novel insecticide synergists. For example, piperand 1APE were poor inhibitors (Fig. 5) . This is consistent with our other results indicating that onyl butoxide and isosafrole are inhibitors of CYP6D1 and they enhance the toxicity of the planar molecules were generally better inhibitors of CYP6D1.
pyrethroid insecticide permethrin by 800-fold (39) and 130-fold (23), respectively, in the LPR Furanocoumarins are plant allelochemicals seen with parathion, or no inhibition (i.e., generation of thionophosphoric acid without inactivation of the P450), as was observed for strain. Thus, four compounds that were identi-chlorpyrifos. fied in this paper as CYP6D1 inhibitors were
The alkynylarenes tested and ranked as inhibievaluated as insecticide synergists. The LD 50 tors of house fly CYP6D1 in this study have been values of permethrin Ϯ CYP6D1 inhibitors are previously investigated as selective inhibitors shown in Table 1 . Verbutin was the best synergist of P450 1A1, 1A2, and 2B1/2B2 in rat liver within these compounds, giving an 83-fold microsomes (27, 28) , of P450 2b-10 in mouse increase in permethrin toxicity. PD, 1EP, and lung and liver microsomes (42), of mammalian karanjin were also found to be synergists, causP450s 2B1, 2B4, 2B6, and 2B11 (43), and, most ing a 16-to 38-fold increase in permethrin toxicrecently, of human P450 1A1, 1A2, and 1B1 ity to LPR house flies (Table 1) .
expressed in Escherichia coli (40) . These studies A general method for testing whether P450
clearly established that the size and shape of the inactivation is mechanism-based (i.e., suicide aromatic moiety of the alkynylarene, the posiinhibition) is to examine the effect of preincubation of substitution by the alkynyl group, and tion of the inhibitor with NADPH (and O 2 ) prior the presence of a terminal acetylene (ethyne) or to the addition of substrate (28, 40) . Inhibition a methyl acetylene (propyne) all affected the of CYP6D1 activity was enhanced by preincubaselectivity of the P450 inhibition observed. tion with NADPH for piperonyl butoxide and As shown in Fig. 2, 9EPh was among the less parathion, but not for karanjin, 1EP, xanthotoxin, chlorpyrifos, or chlorpyrifos oxon (Table 2) . effective alkynylarene inhibitors of CYP6D1. 
